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Summary 
The a-Ca=*/calmodulin kinase II (aCaMKII) is required 
for long-term potentiation in the CA1 region of the hip- 
pocampus. Here, we report that this kinase also has 
a crucial role in presynaptic plasticity. Paired-pulse 
facilitation is blunted in the CA1 region of mice hetero- 
zygous for a targeted mutation of aCaMKII, confirming 
that this kinase can promote neurotransmitter release. 
Unexpectedly, field and whole-cell recordings of post- 
tetanic potentiation show that the synaptic responses 
of mutants are larger than those of controls, indicating 
that ~CaMKII can also inhibit transmitter release imme- 
diately after tetanic stimulation. Thus, aCaMKII has the 
capacity either to potentiate or to depress excitatory 
synaptic transmission depending on the pattern of pre- 
synaptic activation. 
Introduction 
Short- and long-term changes in synaptic strength are con- 
sidered to be at the core of information processing and 
storage in neural networks (reviews in Byrne et al., 1993; 
Gluck and Granger, 1993). However, little is known about 
the biochemical machinery that mediates these changes. 
A prominent component of the biochemical machinery 
of synapses is the Ca2+/calmodulin-induced kinase II 
(CaMKII; reviewed by Hanson and Schulman, 1992), a 
kinase thought to have a key role in the modulation of 
synaptic strength (Malenka et al., 1989; Malinow et al., 
1989; Silva et al., 1992a; Stevens et al., 1994). In response 
to increases in Ca 2+, this kinase undergoes autophosphor- 
ylation (reviewed by Dunkley, 1991). In this active state, 
the kinase is known to phosphoryiate key presynaptic om- 
ponents, such as synapsin I (reviewed by Greengard et 
al., 1993). However, the autophosphorylated kinase is also 
thought to have another important function: the trapping 
of calmodulin (Meyer et al., 1992). Even though the un- 
phosphorylated kinase has only a modest affinity for cal- 
modulin, when autophosphorylated this kinase shows a 
higher affinity for calmodulin than any other known synap- 
tic protein (Meyer et al., 1992). Previous studies have pro- 
posed that these properties allow this enzyme to sense 
the frequency of synaptic Ca 2÷ spikes, since calmodulin 
trapping might be proportional to the frequency of these 
Ca 2÷ spikes (Hanson et al., 1994; Meyer et al., 1992). 
Studies with the squid giant synapse (Lin et al., 1990; 
Llinas et al., 1985) and goldfish Mauthner neuron (Hackett 
et al., 1990) indicated that CaMKII has a role in evoked 
synaptic transmission, even though it does not appear to 
modulate the neurotransmitter release mechanism itself 
(Lin et al., 1990). Introduction of constitutively active CaMKII 
into synaptosomes (isolated nerve terminals) increases 
neurotransmitter release, while peptide inhibitors to this 
kinase reduce release (Nichols et al., 1990). 
Additionally, studies of mice homozygous for a targeted 
disruption of the ~CaMKII gene suggested the involve- 
ment of this isoform in hippocampal short- and long-term 
synaptic plasticity (Silva et al., 1992a; Stevens et al., 
1994). Interestingly, these homozygous mutants also re- 
vealed profound hippocampus-dependent learning defi- 
cits (Silva et al., 1992b). Unexpectedly, mice heterozygous 
for the ~CaMKII mutation have normal ong-term potentia- 
tion in the CA1 region of the hippocampus (P. F. C. and 
A. J. S., unpublished data) but abnormal hippocampus- 
dependent learning (A. J. S., unpublished data). Thus, 
we were interested in uncovering the electrophysiological 
abnormalities that might account for the learning deficits 
of the ~zCaMKII heterozygotes. In this manuscript, we re- 
port the surprising finding that aCaMKII not only has the 
ability to promote neurotransmitter release, but that after 
repeated presynaptic activation, it can also dampen syn- 
aptic transmission. Thus, depending on the pattern of syn- 
aptic activation received, this kinase can either promote 
or limit neurotransmitter release. 
Results 
Biochemical Analysis 
Previous biochemical analysis of the homozygous 
~CaMKII mutant mice showed that they completely lacked 
the ~CaMKII protein, and that forebrain homogenates 
from these mutants had half of the Ca2+/calmodulin - 
duced kinase function measured in vitro (Silva et al., 
1992a). Presumably, the kinase activity left in the ho- 
mogenates came from the other isoforms of CaMKII (i.e., 
13CaMKII, ¥CaMKII, or 6CaMKII) undisturbed by the spe- 
cific disruption of the ~CaMKII gene. Western blot analysis 
(Figure 1) shows that, in mice heterozygous for a targeted 
disruption of the ~zCaMKII gene (henceforth referred to 
simply as heterozygotes), the amount of ~zCaMKII protein 
isolated from forebrain synaptosomes is approximately 
half of that in control littermates. We also found similar 
results in total hippocampal protein extracts from hetero- 
zygotes and controls (data not shown). Consistent with 
the loss of half of the (~CaMKII in heterozygous mice, in 
vitro kinase assays with hippocampal homogenates re- 
vealed a proportional decrease (to 71% __. 7.8%, mean 
_ SEM; n = 9) in the amount of kinase activity in the 
heterozygotes. 
Paired-Pulse Facilitation Studies 
To determine how the decrease in ~CaMKII might affect 
synaptic function, we started by studying paired-pulse fa- 
Neuron 
592 
A B 
! I I  
,,,,,re 
1 
~/ ,c< 
Figure 1. Reduced Amounts of (~CaMKII in Heterozygous Mice 
Western blot analysis of synaptosomal forebrain homogenates from 
heterozygotes (+/-) and control mice (+/+) with twomonoclonal anti- 
bodies that recognize aCaMKII (a) and synaptophysin (S; respectively, 
6g9 and Sy 38 from Boehringer Man nheim). In each of the two samples 
in (A), we used 3.0 mg of total synaptosomal protein, and 1.5 mg in (B). 
The anti-synaptophysin antibody was used as a control for amounts of 
presynaptic protein in each of the lanes shown. A Fuji Bioimage Ana- 
lyzer was used to quantitate the antibody bands detected with a sec- 
ondary antibody labeled with 12Sl. 
cilitation (PPF) in the CA1 region of hippocampal slices 
maintained in vitro. PPF is a presynaptic facilitation re- 
vealed by the second of a pair of pulses delivered at short 
intervals (Hess et al., 1987; McNaughton, 1982; Muller and 
Lynch, 1989). Figures 2A and 2B show that field excitatory 
postsynaptic potentials (fEPSPs) elicited in slices taken 
from heterozygotes (n = 27 from 8 mice) are significantly 
smaller (p < .001; Tukey test for post-hoc means) than 
those from wild-type controls (n = 18 from 8 mice). The 
lack of a significant interaction between mutation and in- 
terpulse interval (p > .05) indicates that the reduction of 
PPF seen in mutant mice is consistent across all tested 
interpulse intervals. 
Since the reduction in PPF observed in the mutant mice 
could, theoretically, result from increased synaptic inhibi- 
tion, we also examined PPF in slices disinhibited with 100 
t~M picrotoxin (P'IX) and 500 I~M 2-hydroxysaclofen (2-OH- 
sac), to block synaptic inhibition mediated by postsynaptie 
.y-aminobutyric acid type A (GABAA) and type B (GABAB) 
receptors, respectively. For the experiments with GABA 
blockers, we dissected out CA3 to prevent epileptic burst- 
ing. PPF was significantly smaller (p < .05; Tukey) in 
heterozygotes (n = 12 from 8 mice [127% -+ 3%, 
mean _ SEM]) than in wild-type controls (n = 13 from 3 
mice [mean = 143% _ 3%]) over the range of 50-250 
ms interpulse intervals (data not shown). Once again, the 
reduction of PPF seen in mutant mice was consistent 
across all tested interpulse intervals (p > .05; ANOVA). 
Whole-cell voltage-clamp recordings were also made 
from wild type and heterozygotes. The results were in com- 
plete accord with those obtained from field recordings, 
suggesting that differences in postsynaptic responsiveness 
to evoked synaptic transmission are not responsible for the 
differences between mutants and controls. The whole-cell 
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Figure 2. Paired-Pulse Facilitation Is Reduced in aCaMKII Mutants 
(A) Examples of hippocampal CA1 field potentials (each example is 
the average of 5 consecutive EPSPs). The scale of sample EPSPs is 
1 ms andlmV. 
(B) A plot of percentage facilitation (the slope f the second response 
expressed as a percentage of the slope of the first response) versus 
interpulse intervals demonstrates a consistent reduction in the amount 
of PPF in heterozygous mutants relative o controls. 
(C) Examples of p u re monosynaptic EPSCs (averages of 4 consecutive 
EPSCs) obtained during the PPF measurements summarized below. 
(D) A plot of percentage facilitation f the EPSCs (the slope of the 
second response expressed as a percentage of the slope of the first 
response) versus interpulse intervals confirms, using whole-cell tech- 
niques, a consistent reduction in the amount of PPF in heterozygous 
mutants relative tocontrols. The PPF examples shown in (A) and (C) 
were obtained with a 50 ms interpulse interval. 
experiments were performed in the presence of 50-100 
p.M PTX in the extracellular medium and with Cs ÷ and 
QX314 in the patch pipette, thereby eliminating postsyn- 
aptic excitatory postsynpatic currents (EPSCs) was 
significantly (p < .05, Student's t test) depressed in the 
patch solution, thus favoring rundown of GABA receptor- 
mediated responses. PPF of the slope of pure mono- 
synaptic excitatory postsynaptic currents (EPSCs) was 
significantly (p < .05, Student's t test) depressed in the 
heterozygotes at virtually all intervals tested (Figures 2C 
and 2D). Peak PPF was measured at 50 ms in wild-type 
cells (187% __. 13%; n = 5 cells from 4 mice), whereas 
at this interval, heterozygote PPF measured significantly 
less (108% _ 11%;n  = 7ce l l s f rom 6mice ;p<.05 ,  
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Figure 3. Plot of EPSP Slope to Fiber Volley Amplitude Ratio across 
Stimulus Intensities (20-80 p,A) in Heterozygote and Wild-Type Con- 
trols 
Each point represents the average ratio at a fixed intensity from 6 
(wild-type) or 7 (heterozygote) animals. There were no significant differ- 
ences between the mutants and the wild-type controls, no significant 
effect of stimulus intensity, and no interaction between stimulus inten- 
sity and genotype. 
Student's t test). Maximal PPF in heterozygotes was de- 
tected at a 100 ms interpulse interval (130% + 10%; 
n = 7 cells from 6 mice). 
There are several possible explanations for the de- 
crease in PPF seen in aCaMKII mutant animals, one of 
which is that synaptic transmission could be generally 
compromised by the mutation. The partial loss of ~CaMKII 
does not appear to be associated with decreases in synap- 
tic responses to low frequency stimuli. We tested synaptic 
input-output relations by using a range of stimulus intensi- 
ties (20-80 ~A) to elicit synaptic responses and compar- 
ing the ratio of fEPSP slopes to fiber volley amplitudes. 
ANOVA for mutation and stimulus intensity indicated no 
significant differences between heterozygotes (mean -- 
0.27 _ 0.1 for 21 slices from 7 mice) and wild-type controls 
(mean, 0.28 _+ 0.01 for 14 slices from 6 mice) across all 
stimulus intensities used (Figure 3). ANOVA indicated no 
significant effect of mutation (F(6,77) = .09; p > .05) or 
stimulus intensity (F(1,77) = .03; p > .05) and no interac- 
tion (F(6,77) = .29; p > .05). 
Another indication that synaptic transmission is not gen- 
erally disrupted by the aCaM KII mutation is that responses 
to low frequency stimulation in heterozygotes are no more 
or less sensitive to decreases in extracellular Ca 2+ concen- 
tration than are those from wild-type controls. Figure 4A 
shows that 15 min after washing in medium containing 2.5 
mM Mg 2÷ and 1.5 mM Ca 2+, fEPSP slope was 480/0 4- 7% 
of baseline for heterozygotes (n = 9 from 4 mice) and 
46% 4- 4% for wild type (n = 6 from 3 mice). Moreover, 
in these low Ca 2+ conditions, PPF in heterozygotes (Figure 
4B) was still smaller than that in wild-type controls (muta- 
tion effect, p< .001 ; mutation by interpulse interval interac- 
tion, p > 0.5), suggesting that the diminution of PPF seen 
in ~CaMKII mutants is not dependent on the initial proba- 
bility of transmitter elease. 
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Figure 4. Synaptic Responses to Changing Extracellular Ca 2+ Con- 
centrations in Control and Heterozygous Mice 
(A) The graph plots the percentage change in the EPSP slope (EPSP 
slope/baseline EPSP slope x 100%) during washing in of 1.5 mM 
Ca 2+, 2.5 mM Mg 2+ (bar in graph). The graph also includes the stable 
baseline responses measured 5 rain before initiating the washing in 
of the low Ca 2÷ perfusate. 
(B) The graph plots the paired-pulse percentage facilitation measured 
across different interpulse intervals for both heterozygotes and con- 
trols under conditions of low calcium (1.5 mM Ca 2+, 2.5 mM Mg2*). For 
both genotypes, PPF is enhanced under low Ca 2+ (Student's t test, 
p < .001; compare with Figure 2B). However, heterozygotes till 
demonstrate less facilitation than wild-type controls (Student's t test, 
p < .05). 
Posttetanic Potent iat ion Studies 
Since the loss of aCaMKII could have affected other short- 
lived forms of synaptic plasticity, we examined the effect 
of the mutation on posttetanic potentiation (PTP). We fo- 
cused our analysis on the enhancement of synaptic re- 
sponses detected in the first 15 s following a tetanus 
(reviewed by Zucker, 1989). The tetanus used initially con- 
sisted of a total of ten high frequency bursts of four stimuli 
at 100 Hz, with 200 ms separating the onset of each burst 
(Larsen and Lynch, 1986). This pattern of stimulation mim- 
ics the 5 Hz theta rhythm recorded in hippocampal EEG 
during exploration and other behaviors correlated with 
learning in rodents (Otto et al., 1991; Ranck, 1973; Van- 
derwolf, 1969). We avoided the potentially confounding 
effects of LTP on measurements of PTP by using the com- 
petitive N-methyI-D-aspartate (NMDA) antagonist 2-amino- 
5-phosphonopentanoate (25 ~M D-AP5 or 50-100 ~M 
DL-AP5). 
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Figure 5. PTP Is Enhanced in czCaMKII Mutants 
(A) The graph plots 2 responses measured before the tetanus (pre e), 15 responses collected every second immediately after the tetanus, and 2 
additional responses measured 5 min later (to illustrate the effectiveness of AP5 in preventing the potentially confounding effects of developing 
LTP in the analysis of PTP). The responses of homozygous (circles) and heterozygous (squares) slices demonstrate greater enhancement of 
extracellular EPSPs (inset) than those taken from controls (diamonds) when ten bursts are delivered at the theta frequency. The peak responses 
of homozygotes were also found to be significantly greater than those of heterozygotes. The scale of sample EPSPs is 2 ms and 1 mV; each 
example is a single response. 
(B) The graph plots the distributions of peak PTP responses for wild-type controls (+/+), heterozygotes (+/-), and homozygotes (-/-). 
(C) PTP of monosynaptic EPSCs following two-burst heta stimulation is greater in heterozygous ~CaMKII mutants (n = 10 from 5 cells; squares) 
than in wild-type controls (n = 11 from 4 cells; diamonds). The scale bar (inset) represents 40 pA and 50 ms. The EPSCs are averages of 15 
consecutive responses at 1 Hz before and after the theta burst. The increased variability in the EPSCs may be attributed in part to the increased 
sampling frequency (Otmakhov et al., 1993). 
(D) A histogram illustrating the average PTP after a two-burst heta tetanus for heterozygotes and wild-type controls, measured every second for 
15 s. The control bars show the lack of change in response to a 1 Hz stimulation for 15 s. 
Current models predict that PTP should also be smaller 
in the heterozygotes and homozygotes (reviewed by Green- 
gard et al., 1993). However, PTP of the fEPSP (Figures 
5A and 5B) was greatly enhanced in slices from heterozy- 
gotes and homozygotes.  The peak response to ten-burst 
theta stimulation had a mean of 126.6% __. 8% for wild 
type (n = 16 slices from 7 animals), 179.1% __. 20% for 
heterozygotes (n = 17 slices from 8 animals), and 232% 
_ 44% for homozygotes (n = 11 slices from 6 animals). 
Post-hoc analyses (t test) revealed significant differences 
in the initial response to ten-burst theta between wild type 
and both heterozygotes (p < .001) and h0mozygotes (p < 
.001), and between heterozygotes and homozygotes (p < 
.05). Thus, homozygotes how greater PTP than heterozy- 
gotes. We have also repeated these studies using a two- 
burst tetanus with similar results (data not shown). An 
ANOVA exploring the effects of genotype (homozygotes, 
heterozygotes, and wild type) and tetanus type (two-burst 
versus ten-burst theta) revealed a significant overall effect 
(F(5,38) = 12.61; p < .0001), owing to significant effects 
of genotype (p < .0001) and tetanus type (p < .05). There 
was, however, no significant interaction of tetanus type 
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and genotype (p > .05), indicating that wild type, heterozy- 
gote mutants, and homozygote mutants were equally af- 
fected by strong and weak tetanic stimulation. 
To test whether changes in GABA-mediated inhibition 
underlie the increased PTP of mutants, we delivered two- 
burst theta stimulation in the presence of 100 t~M PTX 
plus 500 I~M 2-OH-sac. Once again, heterozygotes (mean 
at peak = 155% _+ 3% ; n -- 12 from4mice) showed 
greater PTP than wild-type controls (mean at peak = 
132o/0 __. 3% ; n = 13 from 4 mice; data not shown). 
ANOVA showed a significant effect of mutation (p < .005) 
but no significant effect of drug (p > .05), indicating that 
the enhancement of PTP seen consistently in aCaMKII 
mutant mice does not result from modifications of GABAA- 
or GABAs-mediated synaptic inhibition. 
Under whole-cell voltage clamp, PTP was elicited with 
similar stimulation paradigms as for the extracellular ex- 
periments. Two-burst theta stimulation was delivered to 
wild-type and heterozygote slices under the same condi- 
tions of GABA receptor blockade used in the whole-cell 
PPF experiments, and in the presence of either 50 ~M 
D-AP5 or 100 I~M DL-AP5 to prevent the induction of 
NMDA receptor-dependent LTP. As in the extracellular 
experiments, a clear enhancement of PTP was seen in 
the heterozygotes (Figure 5C). The peak potentiation 
within the first 5 s in mutant and wild-type EPSCs was 
134% - 13% (5 slices from 5 mice) and 117% _ 9°/0 
(4 slices from 3 mice), respectively. However, this potentia- 
tion occurred after an initial - 3 s depression of the EPSC 
that was not apparent in the field recordings. This differ- 
ence may be attributable to the younger age of the mice 
or the lower temperature in the whole-cell study. Neverthe- 
less, Figure 5D shows that the overall PTP measured over 
the 15 s after tetanus in heterozygotes is significantly 
greater than that induced in wild-types (122% _+ 3% ver- 
sus 102% _ 2%, respectively; p < .01, Student's t test). 
Indeed, in wild-type cells, two-burst heta stimulation was 
unable to induce a significant potentiation over 15 s when 
compared with control shocks delivered at 1 Hz for 15 s 
(102% _ 2% versus 100% -+ 1% ; p >.05, Student's t 
test). 
Discussion 
Previous experiments have shown that CaMKII activity 
can enhance neurotransmitter reiease in invertebrate syn- 
apses. Thus, it is not surprising that the partial (this study) 
or complete (Silva et al., 1992a) removal of the c~CaMKII 
from synaptic terminals depressed PPF in the mutant neu- 
rons. However, enhanced PTP at these synapses was un- 
expected (Greengard et al., 1993). This demonstrates that 
aCaMKII normally does not promote transmitter elease 
immediately after tetanic stimulation, as it seems to do 
during PPF; instead, it inhibits release. 
It is important o note that every difference between mu- 
tants and controls that is significant for fEPSPs is also 
significant for whole-cell measurements. Moreover, the 
difference between the heterozygotes and the wild types 
is quite robust with respect to varying conditions. Hetero- 
zygotes show significantly more PTP whether two- or ten- 
burst theta is used, whether slices are disinhibited or not, 
and whether the recording is an extracellular fEPSP (at 
31°C) or a whole-cell EPSC (at room temperature). It is 
noteworthy that the striking enhancement in PTP ob- 
served in the mutants takes place within 5 s of the tetanus 
(the augmentation phase of PTP), suggesting that mea- 
surements outside of this interval might not detect this 
increase (Silva et al., 1992a; Stevens et al., 1994). 
The high Ca 2÷ conditions induced by a tetanus should 
sharply increase the autophosphorylation of this enzyme 
(reviewed by Dunkley, 1991), and since the autophosphor- 
ylated kinase is an efficient trap for calmodulin (Meyer et 
al., 1992), this kinase could serve as a presynaptic almod- 
ulin-sink during and after high frequency stimulation. This 
likely sequestering of calmodulin by the autophosphor- 
ylated kinase could lead to a decrease of calmodulin- 
dependent processes required for neurotransmitter release. 
Consistent with this model, we found that the complete 
loss of ~CaMKII in homozygotes leads to a greater degree 
of PTP than the loss of approximately half of the normal 
levels of the kinase in heterozygotes. 
The model proposed here accounts for the unexpected 
observations described, but it is not the only plausible ex- 
planation for these phenomena, which could involve other 
mechanisms affected by the loss of c~CaMKII. For exam- 
ple, ~CaMKII was proposed to bind synapsin I in the pre- 
synaptic terminal, thus linking vesicles to the cytoskeleton 
(Benfenati et al., 1992). Hence, the loss of ccCaMKII in the 
mutants could lead to the increased availability of releas- 
able synaptic vesicles, and thus greater PTP. However, 
our results also showed that PPF was decreased. Further- 
more, the genetic deletion of synapsin I resulted in normal 
PTP and greater PPF (Rosahl et. al., 1993). Together, 
these results appear to be inconsistent with this other 
model (Benfenati et al., 1992). 
Another possible explanation for our PTP results is that 
tetanic stimulation drives the enzyme into its calmodulin- 
bound state (Meyer et al., 1992), and that in this high activ- 
ity state this kinase might modify a protein that, when phos- 
phorylated, inhibits synaptic release. The loss of this 
putative inhibitory mechanism in the mutants could ac- 
count for their greater PTP. 
The results presented in this manuscript indicate that 
~CaMKII can either promote or limit neurotransmitter re- 
lease, depending on the nature of synaptic activation. This 
study illustrates the versatility of the gene targeting ap- 
proach and its usefulness for investigations of mammalian 
presynaptic function. 
Experimental Procedures 
Mice 
The experiments reported in this manuscript used as controls the lit- 
termates of the mutant mice. To minimize complications of heteroge- 
neous genetic background, the original mutant mice in the 129cvj 
background (Silva et al., 1992a) were backcrossed into the C57BIJ 
6J line (five backcrosses). Furthermore, the genotypes of all of the mice 
tested were determined both before and after all of the experiments 
described. 
Kinase Assays 
The hippocampi were dissected in cold phosphate-buffered saline, 
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weighed, and homogenized gently in 40 vol of cold extraction buffer 
containing 10 mM Tris-HCI (pH 7.4), 1 mM EGTA, 0.5 mM dithiothrei- 
tol, 0.1 mM phenylmethylsulfonyl fluoride, leupeptin (5 mg/liter), and 
soybean trypsin inhibitor (20 rag/I). This homogenate was kept on 
ice and typically diluted 1:10 in the same cold buffer. The assays were 
carried out after 2- to 20-fold dilution of the homogenate in cold water 
and immediately followed by the addition of cold assay buffer to a final 
concentration of 100 mM peptide bovine synapsin I (587-609), 25 mM 
HEPES (pH 7.4), 10 mM MgCI, 0.5 mM dithiothreitol, 15 mM ATP, 
and 50 p.Ci/ml of [~'-s2P]ATP. For the Ca~-/CaM-induced assays, we 
also added to this buffer 1.5 mM calmodulin and 2.0 mM CaCI2. For 
the Ca2*/CaM-independent reactions to verify kinase specificity, we 
added 0.5 mM EGTA to the assay buffer and 100 m M of peptide CaM KII 
(272-302). After adding the assay buffer, reactions were briefly mixed 
and quickly placed at 30°C for 60 s. The reaction was terminated 
by spotting half of the reaction volume (25 ml) in perforated discs of 
phosphocellulose. These discs were then washed of nonincorporated 
[y-32P]ATP with 1% phosphoric acid and water. The radioactivity bound 
to the discs was counted, and the values were plotted. 
Field Recordings in CA1 
Hippocampal slices (400 I~m thick) were prepared by standard meth- 
ods (Haley et al., 1992). Experiments were conducted in medium con- 
taining 125 mM NaCI, 2 mM KCI, 1.25 mM NaH2PO4, 26 mM NaHCO3, 
10 mM D-glucose, 1.5 mM MgSO4, and 2.5 mM CaCI2. Stimulating 
and extraceUular recording electrodes were placed in stratum radiatum 
in CA1, and recordings were done at 31 °C _+ 1 °C. Stimulus intensity 
was determined by first using a range of stimulus intensities to define 
a synaptic input-output curve and then choosing an intensity that pro- 
duced a response that was 25%-35% of the maximum possible 
evoked response. This intensity was then used as the baseline for all 
experiments, including PPF and PTP. All drugs were delivered in the 
perfusate. Most experiments were blind, but since the electrophysio- 
logical differences between mutants and controls were very striking, 
in some cases (<20%) the experimenter was clued to the genotype 
of the mice simply by the results obtained. The analysis of mutants 
and control littermates (2.5-7 months old) were interleaved. 
Whole-Cell Patch-Clamp Recordings in CA1 
Whole-cell patch-clamp recordings were made at room temperature 
(19°C-22°C) from CA1 pyramidal neurons. Neurons were located by 
the "blind" method using 4-7 MQ electrodes filled with 130 mM 
CH303SCs, 5 mM NaCi, 1 mM MgCI2,1 mM CaCI2, 5 m M QX314,10 mM 
EGTA, and 5 mM HEPES (pH 7.3). Series resistance was monitored 
throughout he experiment, and results were excluded from analysis 
if the series resistance changed by more than 20%. All experiments 
were performed at a holding potential of -60 mV. There was no signifi- 
cant difference in the resting membrane potential, measured immedi- 
ately after going whole-cell, between wild-type and heterozygote cells 
(-59 _+ 3 mV [n = 8] and -63 _+ 2 mV [n = 7], respectively). Paired 
pulses were delivered at 0.067 Hz and 4 paired-pulse responses were 
averaged per minute-long episode. Between 2 and 7 episodes were 
collected from each slice at each paired-pulse interval. The sequence 
of paired-pulse intervals tested was randomized across experiments. 
The tetanus employed in PTP experiments consisted of two or ten 
high frequency bursts of four stimuli separated by 10 ms and delivered 
at the theta frequency (5 Hz). The responses to 1 Hz stimulation follow- 
ing theta stimulation were expressed as a percentage of the mean of 
control 15 s periods of 1 Hz stimulation. All of these experiments were 
done blind, and mutant mice were interleaved with controls. The mice 
used were aCaMKII heterozygotes and their littermate controls be- 
tween the ages of 4 and 5 weeks. 
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